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Oxidation of cysteine pairs to disulfide requires
cellular factors present in the bacterial periplas-
mic space. DsbB is an E. colimembrane protein
that oxidizes DsbA, a periplasmic dithiol oxi-
dase. To gain insight into disulfide bond forma-
tion, we determined the crystal structure of the
DsbB-DsbA complex at 3.7 A˚ resolution. The
structure of DsbB revealed four transmem-
brane helices and one short horizontal helix jux-
taposed with Cys130 in the mobile periplasmic
loop. Whereas DsbB in the resting state con-
tains a Cys104-Cys130 disulfide, Cys104 in the
binary complex is engaged in the intermolecular
disulfide bond and captured by the hydropho-
bic groove of DsbA, resulting in separation
from Cys130. This cysteine relocation prevents
the backward resolution of the complex and
allows Cys130 to approach and activate the
disulfide-generating reaction center composed
of Cys41, Cys44, Arg48, and ubiquinone. We
propose that DsbB is converted by its specific
substrate, DsbA, to a superoxidizing enzyme,
capable of oxidizing this extremely oxidizing
oxidase.
INTRODUCTION
Disulfide bonds contribute to folding, maturation, stability,
and regulation of proteins, in particular those localized out
of the cytosol. Oxidation of selected pairs of cysteines to
disulfide in vivo requires cellular factors present in theCbacterial periplasmic space or in the endoplasmic reticu-
lum of eukaryotic cells (Kadokura et al., 2003; Sevier and
Kaiser, 2002). E. coli DsbA, a periplasmic oxidase, is the
best characterized disulfide-introducing enzyme (Bard-
well et al., 1991; Kamitani et al., 1992). Its active-site cys-
teines, Cys30 and Cys33, have the highest known redox
potential among cysteine pairs in oxidoreductases (Wun-
derlich and Glockshuber, 1993; Grauschopf et al., 1995).
Cys30 is known also for its low pKa (z3.5) and high reac-
tivity. A key feature for understanding the DsbA-depen-
dent oxidative protein folding is that DsbA is kept oxidized
in spite of its strong oxidizing (reduction-prone) property.
Oxidation of DsbA is accomplished by themembrane pro-
tein DsbB (Bardwell et al., 1993; Missiakas et al., 1993),
which has four transmembrane (TM) segments and two
pairs of essential cysteines, Cys41-Cys44 and Cys104-
Cys130, in its two periplasmic domains (Jander et al.,
1994; Figure 1). It is associated with a quinone molecule,
either ubiquinone (UQ) 8 or menaquinone (MK) 8, which
serves as the source of oxidizing power (Bader et al.,
1999) that is transmitted to the cysteines on DsbB and
then relayed by DsbA to client proteins. Thus, DsbB can
be regarded as the cellular machine that generates a pro-
tein disulfide bond de novo at the expense of electrons to
be transmitted to UQ and then to terminal oxidases of the
respiratory chain (Kobayashi et al., 1997; Bader et al.,
1999). Whereas the Cys104-Cys130 pair of DsbB is di-
rectly engaged in the redox interaction with the active-
site cysteines of DsbA (Guilhot et al., 1995; Kishigami
et al., 1995), Cys41-Cys44 is the target of oxidation by
UQ (Kobayashi and Ito, 1999; Inaba et al., 2006).
Our characterization of UQ-bearing DsbB (Inaba et al.,
2004), MK-bearing DsbB (Takahashi et al., 2004), and qui-
none-free DsbB (Inaba et al., 2005) with respect to their
abilities to facilitate the DsbA oxidation reaction revealed
the occurrence of two pathways, rapid and slow, as wellell 127, 789–801, November 17, 2006 ª2006 Elsevier Inc. 789
Figure 1. Primary Sequence of DsbB
Showing Characteristic Features
The essential cysteines are shown in red, and
methionines are shown in green. The two posi-
tions shown by solid black circles are cysteines
in the wild-type sequence. The segment cap-
tured by the hydrophobic groove of DsbA is
shown in yellow, and the one corresponding
to the horizontal a helix is shown in orange.
The regions that lack corresponding electron
density in the solved structure are shown in
gray. The residues that were engineered for
‘‘methionine marking’’ (Figure S4) are indicated
by arrows that specify the substitutions.as the occurrence of quinone-independent and quinone-
dependent reaction steps in each pathway (Inaba et al.,
2005; see also Figure S1 in the Supplemental Data avail-
able with this article online). In both the rapid and the
slow pathways, the hyperreactive Cys30 of DsbA attacks
the Cys104-Cys130 disulfide of DsbB to initiate the
reactions by forming a Cys30 (DsbA)-Cys104 (DsbB) inter-
molecular disulfide bond. In the rapid pathway, this inter-
mediate disulfide is immediately attacked nucleophilically
by Cys33 of DsbA, resolving the binary complex into the
oxidized DsbA and a hemioxidized DsbB with reduced
Cys104 and Cys130. Whereas this is followed in the
absence of UQby rapid intramolecular disulfide-dithiol ex-
changes between the two pairs of cysteines, in the phys-
iological reaction, UQ selectively oxidizes the Cys41-
Cys44 pair to regenerate fully oxidized DsbB. In the slow
pathway, the Cys30 (DsbA)-Cys104 (DsbB) intermolecular
disulfide complex undergoes further disulfide rearrange-
ment, in which Cys130 forms a disulfide with Cys41 (Ka-
dokura and Beckwith, 2002; Inaba et al., 2005). This latter
intermediate with reduced Cys44 (DsbB) and reduced
Cys33 (DsbA) seems to be resolved by complex and con-
certed events involving UQ and all four of the DsbB cyste-
ines (Kadokura and Beckwith, 2002).
Our previous studies showed that the DsbB-bound
quinone species undergo spectral transitions during the
DsbB catalysis (Inaba et al., 2004; Takahashi et al.,
2004) and that reduction of Cys44 is responsible for this
transition. The deprotonated thiolate of Cys44 forms a
charge-transfer complex with UQ as well as a putative
adduct complex between them, allowing a nucleophilic at-
tack by Cys41 and thereby the de novo formation of the
Cys41-Cys44 disulfide (Inaba et al., 2006). Another re-
markable feature of this system is that intrinsic redox po-
tentials of DsbB cysteines are much lower (by 0.13V)790 Cell 127, 789–801, November 17, 2006 ª2006 Elsevier Incthan those of DsbA, the substrate of oxidation, when
they were measured with reference to small-molecule
redox buffer (Inaba and Ito, 2002; Inaba et al., 2005).
Nevertheless, DsbB can oxidize 40% of DsbA in a 1:1
stoichiometric reaction even without the aid of quinone
(Inaba et al., 2005). The mechanism that enables this ‘‘up-
hill’’ oxidation is an important and unsolved problem.
Here, we determined the crystal structure of DsbB in
a form of disulfide-tethered complex with DsbA in an at-
tempt to achieve deeper understanding of the molecular
mechanisms of protein disulfide bond generation. The
electron density map at 3.7 A˚ resolution was combined
with structural information obtained from the ‘‘methio-
nine-marking’’ approach, allowing us to establish the
three-dimensional structure of the DsbB-DsbA complex
and to define the UQ-binding site. The structure provides
a number of insights into the DsbB-DsbA molecular
recognition and accompanying conformational rearrange-
ment within a DsbB periplasmic domain. On the basis of
these results, we propose that the DsbA-induced reloca-
tion of DsbB cysteines Cys104 and Cys130 plays an
essential role in DsbB’s ability to oxidize ‘‘more oxidizing’’
DsbA.
RESULTS
Crystallization of a DsbB(UQ8)-DsbA Complex
As discussed by Kadokura and Beckwith (2002) and Inaba
et al. (2005), DsbA may induce some conformational
changes in DsbB to allow the apparently uphill redox reac-
tion between these components. Thus, elucidation of the
structure of the DsbB-DsbA complex is crucial for our
understanding of the mechanisms of DsbB-mediated ox-
idation of DsbA. Additionally, structure determination of
the DsbB-DsbA complex can be more feasible than that.
of DsbB (a hydrophobic membrane protein) itself because
the hydrophilic nature of DsbA can facilitate crystallization
and its known structure can help diffraction analysis (Os-
termeier and Michel, 1997).
Although a DsbB-DsbA complex is thought to be
formed both during the rapid and the slow reaction path-
ways (Inaba et al., 2004, 2005), it exists only transiently
as a reaction intermediate. It is known that a Cys33mutant
of DsbA forms a stable complex with DsbB held together
with a Cys30 (DsbA)-Cys104 (DsbB) intermolecular disul-
fide bond (Guilhot et al., 1995; Kishigami et al., 1995). This
complex, which mimics a reaction intermediate of this
system and contains a rearranged disulfide bond (Kado-
kura and Beckwith, 2002) as well as a charge-transfer
state of UQ (Inaba et al., 2004, 2006), is an interesting tar-
get for structural determination. However, it is still subject
to infrequent but significant backward resolution due to
nucleophilic attack by Cys130. We therefore mutated
Cys130 as well to make the complex more stable and
homogeneous, although the UQ transition was no longer
observed with this complex (Inaba et al., 2004). We
purified DsbA(Cys33Ala) and DsbB(Cys130Ser) sepa-
rately and oxidized a mixture of them to generate the
DsbB(Cys130Ser)-DsbA(Cys33Ala) complex, which was
purified chromatographically and shown to be stably
maintained during storage and crystallization.
Molecular Packing and Overall Structure
We optimized conditions for crystallization of the
DsbB(Cys130Ser)-DsbA(Cys33Ala) complex. In the crys-
tals obtained, the protein contacts were formed mainly
by the DsbA part of the complex without substantial con-
tribution from the hydrophobic DsbB part (Figures S2A
and S2B). X-ray diffraction data sets were collected at
the maximum resolution of 3.7 A˚ (Table 1). For solving
the structure, we used two independent derivatives of
crystals, one containing selenomethionine (SeMet)-
labeled DsbA and the other containing SeMet-labeled
DsbB, for analyses with multiple isomorphous replace-
ment with anomalous scattering. The positions of the
SeMet sites in both DsbA and DsbB were identified using
Bijvoet anomalous difference Fourier maps, in which we
employed the initial phases obtained from the solution of
molecular replacement using the reduced form of wild-
type DsbA molecule (Guddat et al., 1998) as a search
model. The solution was verified by the agreement be-
tween the known positions of methionines in DsbA and
the peaks in the Bijvoet anomalous difference map of
DsbB-DsbA(SeMet). We were able to determine all the
Met positions in DsbA as well as six Met positions (except
for the N-terminal Met) in DsbB in the Bijvoet difference
Fourier map, as shown in Figures 2A and 2B. At the final
stage of phasing, we identified one zinc ion that was coor-
dinated with two residues of His41 from the two adjacent
DsbA protomers and hence was involved in the crystal
packing (Figure S3); this was used for the phase calcula-
tion. The final electron density map after density modifica-
tion agreed well with the result of molecular replacementCin the DsbA portion, the structure of which was almost
identical to the registered structure of reduced DsbA in
isolation (Guddat et al., 1998).
However, the electron density map did not have enough
resolution to reveal all of the side chains of DsbB. In addi-
tion, several regions of the periplasmic loop of DsbB were
lacking, presumably due to disordered or mobile struc-
tures (Figure 2B). To assist unequivocal residue assign-
ment for DsbB, we engineered the SeMet positions either
by removing (Met36Ala, Met93Ala, and Met142Leu) or
introducing (Val49Met, Val120Met, Cys130Met, and
Leu147Met) one methionine (Figure 1). These DsbB
variants were labeled with SeMet, complexed with
DsbA(Cys30Ala), and crystallized (Table S1). These
crystals revealed either disappearance or appearance of
specific selenium signals (Figures S4A and S4B), which
served as useful markers that guided our coordinate
establishment.
The structure of DsbB contains four TM helices with
both termini oriented toward the cytoplasm (Figure 1
and Figure 3A), in accordance with the earlier prediction
(Jander et al., 1994). The four TM segments (TM1–TM4)
are arranged into a four-helix-bundle configuration. TM1,
TM2, and TM3 are tilted with their cytosolic ends situated
close to one another. In addition to these TM helices,
a short helix with a horizontal axis exists in the periplasmic
region of DsbB (Figure 3A, orange). A strong selenium sig-
nal fromSeMet at position 120was near this horizontal he-
lix (Figure S4A). Thus, this helix (approximately, residues
112–126) is a part of the long periplasmic loop (residues
97–144) connecting TM3 and TM4. The above selenium
signal, together with other signals from positions 107,
130, 142, and 147, allowed us to trace this highly flexible
periplasmic loop that was devoid of electron density for
the region between the horizontal helix and the beginning
of TM4 (shown as dotted curve in Figures 3A and 3B and
Figure S4B).
DsbB-DsbA Interface
The crystal structure of isolated DsbA contains a long,
deep groove lined with a cluster of hydrophobic side
chains that presumably provide an uncharged surface to
capture substrate proteins devoid of tight folding (Martin
et al., 1993). In the structure of the DsbB(Cys130Ser)-
DsbA(Cys33Ala) complex, a Pro100–Phe106 portion of
the second periplasmic loop of DsbB is accommodated
in this groove running below the redox-active Cys30 resi-
due (Figures 4A and 4B). This segment of DsbB that con-
tains the Cys104 residue is drawn into the cavity of DsbA,
in which Cys104 forms a disulfide with Cys30 of DsbA. Re-
markably, two tripeptides, Cys104–Phe106 of DsbB and
Arg148–Val150 of DsbA, are arranged in the complex in
such a way as to form a short antiparallel b sheet (Fig-
ure 4C). It was also noted that the selenium signal at the
Met64 position of DsbA was located in a manner sand-
wiching the Cys104 region of DsbB with the DsbA cavity
(Figure S5A), thus intervening between Cys104 and resi-
due 130 of DsbB (see below for its possible significance).ell 127, 789–801, November 17, 2006 ª2006 Elsevier Inc. 791
Table 1. Data Collection and Structure Determination
DsbB(UQ8)-DsbA DsbB-DsbA(SeMet) DsbB(SeMet)-DsbA
DsbB-DsbA
without UQ8
Data Collection
Beamline BL44XU at SPring-8 BL44XU at SPring-8 BL44XU at SPring-8 BL44XU at SPring-8
Space group P42212 P42212 P42212 P42212
Cell dimensions (A˚) a = b = 165.5, c = 65.9 a = b = 166.6, c = 66.1 a = b = 165.4, c = 66.0 a = b = 167.0, c = 66.3
Wavelength (A˚) 0.90000 0.97901 0.97901 0.90000
Resolution range (A˚) 61.20–3.70 (3.90–3.70) 66.08–3.90 (4.11–3.90) 61.31–3.90 (4.11–3.90) 74.74–4.50 (4.74–4.50)
Number of total
observations
70,735 (10,322) 133,149 (19,337) 169,910 (24,376) 35,360 (4,979)
Number of unique
reflections
10,179 (1,450) 8,946 (1,266) 8,765 (1,248) 5,900 (844)
Completeness (%) 99.4 (99.8) 99.9 (100.0) 99.7 (100.0) 99.4 (99.6)
I/s (I) 18.7 (3.8) 22.8 (4.8) 24.5 (5.0) 16.2 (5.4)
Multiplicity 6.9 (7.1) 14.9 (15.3) 19.4 (19.5) 6.0 (5.9)
Rmerge
a 0.060 (0.527) 0.087 (0.535) 0.095 (0.654) 0.060 (0.352)
Rmeas
b 0.066 (0.570) 0.091 (0.554) 0.097 (0.671) 0.067 (0.386)
Phasing
Riso
c — 0.065 0.109
Phasing powerd
Isomorphous
(acentric/centric)
0.896/0.674 0.753/0.236
Anomalous 0.238 0.253 0.258
Figure of merit
before SF
(acentric/centric)e
0.300/0.351
after SFf 0.714
Refinement
Resolution range (A˚) 20.00–3.70
Rwork
g 0.334
Rfree
h 0.357
Rms deviation
Bonds (A˚) 0.012
Angles () 1.54
Numbers in parentheses represent statistics for the highest resolution shell.
a Rmerge = SSjj<I(h)>  I(h)jj/SSjj<I(h)>j, where <I(h)> is the mean intensity of symmetry-equivalent reflections.
b Rmeas = SO(n/[n  1])SjjI(h)  I(h)jj/SSjj<I(h)>j, the multiplicity-weighted Rmerge.
c Riso = SSjkFPHj  jFPk/SSjjFPj, where FP and FPH are the structure factors of the native and derivative data, respectively.
d Phasing power = <jFH(calc)j/jEj>, where FH(calc) is the calculated difference and E is the phase-integrated lack of closure.
e Figure of merit before density modification.
f Figure of merit after solvent flipping/flattening and histogram mapping by Solomon/DM implemented in SHARP.
gRwork = S(kFp(obs)j  jFp(calc)k)/SjFp(obs)j.
h Rfree = R factor for a selected subset (5%) of the reflections that were not included in prior refinement calculations.The surface area buried in the DsbB-DsbA complex was
924 A˚2, while the shape complementarity was 61.8%.
This high shape complementarity of the relatively small792 Cell 127, 789–801, November 17, 2006 ª2006 Elsevier Inc.buried surface area seems compatible with the specific
DsbB-DsbA recognition required for this system (Law-
rence and Colman, 1993).
Figure 2. Electron Density Maps of
the DsbA and DsbB Portions of the
DsbB(Cys130Ser)-DsbA(Cys33Ala) Com-
plex Viewed in Stereo
(A) The Ca trace of DsbA (yellow line) is super-
imposed on the electron density map drawn
at the 1.5s contour level, in which six selenium
anomalous signals from the indicated methio-
nines are shown inmagenta at the 3.0s contour
level.
(B) The Ca trace of DsbB (orange line) is super-
imposed on the electron density map drawn at
the 1.5s contour level, in which six selenium
anomalous signals from the indicated methio-
nines are shown inmagenta at the 3.0s contour
level. For assignment of each methionine, see
Figures S4A and S4B.DsbA-Induced Separation of Cys104 and Cys130
DsbB in isolation usually contains two intramolecular di-
sulfide bonds, between Cys41 and Cys44 and between
Cys104 and Cys130 (Kishigami and Ito, 1996; Kobayashi
and Ito, 1999; Inaba et al., 2005). Strikingly, residue
130, now mutated to Ser, in the crystal structure of
DsbB(Cys130Ser)-DsbA(Cys33Ala) has been proven to
reside at a position that is separated fromCys104 by a dis-
tance beyond the range (2 A˚) of disulfide bond formation
(Figure 3A). Our structure does not allow direct and pre-
cise estimation of the distance between the sulfur atoms
of Cys104 and Cys130 in the complex because the region
around residue 130 is invisible in the electron density map.
Nevertheless, we were able to specify the approximate
position of this residue, at least in a SeMet-substituted
form. This selenium signal was located 8 A˚ away from
Cys104, which was drawn into the groove of DsbA (Fig-
ures 4A and 4B). In addition, Met64 of DsbA seemed to in-
tervene between Cys104 and the selenium at position 130
(Figure S5A), which was located close to Cys41 on the
first, short periplasmic loop of DsbB. Such a positioning
of Cys130 agrees excellently with the formation of the re-
arranged Cys41-Cys130 disulfide as observed in DsbB-
DsbA complexes under certain conditions (Kadokura
and Beckwith, 2002; Inaba et al., 2004). We suggest that
association with DsbA induces the conformational change
in DsbB in which its second periplasmic region is rear-
ranged such that Cys104 and Cys130 are separated spa-tially and the latter is located close to the Cys41-Cys44
disulfide. This cysteine relocation mechanism provides
an effective means to restrain Cys130 from triggering the
backward resolution of the intermolecular disulfide
bond. This then promotes the nucleophilic attack of the
intermolecular disulfide by Cys33 of DsbA (to initiate the
rapid pathway) or of the Cys41-Cys44 disulfide by
Cys130 (to initiate the slow pathway) (Figure 5). In either
pathway, the Cys44 thiolate is generated and drives the
reactions further by interacting with UQ (Inaba et al.,
2004, 2006).
We addressed the possible role played by the DsbA res-
idue Met64, which could contribute to the separation of
Cys104 and Cys130 (see above). Replacement of Met64
with a less bulky residue, either Ala or Gly, increased KM
for DsbA and hence decreased the kcat/KM value of the
DsbB oxidation of DsbA by a factor of two to three, while
a Leu substitution for the same residue did not signifi-
cantly affect the reaction (Figures S5B and S5C). The re-
dox properties of these variants were almost identical to
that of wild-type DsbA (Figure S5D). These results are
consistent with the notion that a bulky residue at position
64 enhances the productive DsbB-DsbA interaction.
Quinone-Binding Site
While the de novo process of disulfide bond generation is
completed and recycled by the elaborate processes of
DsbB-UQ interplay (Inaba et al., 2006), the UQ-bindingCell 127, 789–801, November 17, 2006 ª2006 Elsevier Inc. 793
Figure 3. Overall Structure of the
DsbB(UQ8)-DsbA Complex Viewed in
Stereo
(A) Ribbon representation of the complex
viewed parallel to the membrane plane. TM1
(residues 14–36), TM2 (residues 43–64), TM3
(residues 71–96), and TM4 (residues 144–162)
of DsbB are shown in blue, cyan, green, and
red, respectively, whereas the horizontal helix
(residues 112–126) is shown in orange. The
DsbA region is shown in magenta. The seg-
ment that connects the horizontal helix and
TM4 lacks any electron density and is shown
as a dotted curve in a manner consistent with
the methionine-marking results. The position
of Cys130 (DsbB), which is based on themethi-
onine-marking results (see Figure S4A), is indi-
cated by a filled orange circle. The Cys30
(DsbA)-Cys104 (DsbB) and Cys41 (DsbB)-
Cys44 (DsbB) disulfide bonds are circled. UQ
is shown by ball-and-stick representation
(black, carbon atoms; red, oxygen atoms)
near the N terminus of TM2 (see also Figure 6).
(B) Ribbon representation of the top (periplas-
mic) view of the complex. For simplicity, DsbA
is represented semitransparently.site on DsbB has not been unequivocally determined in
the past. Our crystallographic data indicate the presence
of a prominent area of electron density, whose dimensions
fit those of the quinone ring (Figures 6A and 6B). This
round-shaped electron density is adjacent to the N-termi-
nal end of TM2 and has a diameter of6 A˚ at the 1.5s con-
tour level. Although the electron density of the isoprenoid
chain of UQ was invisible, as was the case for crystal
structures of other quinone-binding proteins (Zouni
et al., 2001; Sun et al., 2005), the disk-like electron density
could represent the head group of endogenous UQ8. To
address this possibility, we used the quinone-free form
(Inaba et al., 2005) of DsbB(Cys130Ser) to prepare, crys-
tallize, and obtain diffraction data sets of a DsbB-DsbA
complex that did not contain UQ. The difference Fourier
map calculated from the UQ8-bound and UQ-free crystals
demonstrated a strong UQ-specific peak at the site that
coincided with the electron-dense area discussed above
(Figure 6C). The possibility that the presence/absence
of UQ leads to some stable conformational change in
DsbB is unlikely since we have not observed any other re-
gion that underwent a compensatory decrease/increase
in electron density. Another possibility is that the UQ-
dependent electron density might represent a local stabi-
lization of a mobile region by direct UQ binding. In this
case, UQ should reside adjacently. Thus, we propose
that UQ is located at the electron-dense region shown in
Figure 6 or immediately next to it.794 Cell 127, 789–801, November 17, 2006 ª2006 Elsevier Inc.The putative quinone ring makes contact with the sele-
nium signal from SeMet142 (Figures 6A and 6B). During
the course of methionine-directed mutagenesis, we found
that DsbB(Met142Ala) was markedly low in the content of
endogenously bound UQ8, whereas leucine substitution
for the same residue did not cause such substantial re-
duction in the UQ8 content (K. Inaba, unpublished data).
A bulky side chain at residue 142, a periplasmic position
near TM4, may play a role in the stable retention of UQ8
on DsbB.
DISCUSSION
Solving the Intractable DsbB Structure
Our initial attempts to crystallize DsbB alone were unsuc-
cessful. This failuremust have been due to the fact that the
second periplasmic loop of DsbB, the only hydrophilic
region of significant size in DsbB, is mobile/disordered
and is unsuited to provide molecular contacts for
crystallization. We overcame this difficulty by using the
DsbB(Cys130Ser)-DsbA(Cys33Ala) complex, in which
the mobile loop of DsbB is covered by DsbA, which in
turn offers hydrophilic surfaces for molecular packing.
The role of DsbA in crystal formation should be similar to
that of immunoglobulin Fab fragments in the antibody-
assisted crystallization of membrane proteins (Ostermeier
et al., 1995; Zhou et al., 2001). The use of the engineered
Figure 4. Arrangement of DsbB and DsbA in the Complex
(A) The substrate-binding cavity of DsbA is used to capture DsbB. DsbA is space filled for the side chains, revealing its molecular surface and
a hydrophobic groove that accommodates an extended segment of the second periplasmic loop of DsbB.
(B) Another view of (A), rotated by 90 around a vertical axis.
(C) A short antiparallel b sheet formed between Cys104-Phe106 of DsbB (yellow-green) and Arg148-Val150 of DsbA (magenta).
(D) Ribbon representation of a hypothetical DsbB-DsbC complex modeled on the basis of the present results. The thioredoxin domain of DsbC
protomer 1 (sky blue) is superimposed on that of DsbA (magenta) such that the rmsd between the backbones of these two domains is minimized.SeMet to locate several key positions of DsbB was effec-
tive to complement the limited-resolution diffraction data.
Thus, the identities of the four transmembrane a helices as
well as the horizontal helix belonging to the second peri-
plasmic loop (residues 112–126) have been established.
In contrast to most of the target positions on DsbB that
gave strong selenium signals (8.0–12.0s), the signal at
residue 130 was considerably weak (3.5s) and somewhat
dispersed, consistent with themobile nature of this region.
Nevertheless, our results established the position of the
major occupancy by residue 130. This methionine-mark-
ing or ‘‘SeMet-scanning’’ (Huang et al., 2004) method
will have general applicability to the structural analysis of
certain classes of membrane proteins that give insufficient
diffraction information.CDsbA Transforms DsbB into the DsbA-Specific
‘‘Super Oxidase’’
The use of the DsbB-DsbA complex not only facilitated the
crystallization but also enabled us to obtain evidence for
the DsbA-induced rearrangement of the periplasmic re-
gions of DsbB. Previously, the strategy of determining
the structure of a disulfide-linked stable intermediate
was used successfully by Haebel et al. (2002) for the com-
plex between DsbC and the a domain of DsbD. Although
no direct information is available about the structure of
DsbB in isolation, we can say definitely that the sulfur
atoms of Cys104 and Cys130 are located as close to-
gether as 2 A˚, the length of a disulfide bond.
It is possible that DsbA has the ability to specifically rec-
ognize the Pro100–Phe106 segment of DsbB that includesell 127, 789–801, November 17, 2006 ª2006 Elsevier Inc. 795
Figure 5. A Cysteine Relocation Mechanism that Ensures Unidirectional Electron Flow from DsbA to DsbB
DsbB contains the Cys41-Cys44 andCys104-Cys130 disulfide bonds in the resting state (state I). In the DsbB-DsbA complex (state II), DsbA binds the
Cys104 region of the periplasmic loop of DsbB, which is drawn into its substrate-binding groove and kept separated from Cys130. The separation of
Cys104 andCys130 prevents the backward resolution of theCys30 (DsbA)-Cys104 (DsbB) intermolecular disulfide. This results in either Cys33 (DsbA)
attacking the intermolecular disulfide (rapid pathway) or Cys130 attacking the Cys41-Cys44 disulfide (slow pathway), as shown by cyan arrows, ini-
tiating the rapid (upper) and the slow (lower) pathways (Inaba et al., 2005; see also Figure S1). In both pathways, Cys44 is transiently reduced, leading
to the formation of the Cys44-UQ charge-transfer complex (state III) (Inaba et al., 2004, 2006). Finally, electrons are accepted by UQ, and the oxidized
forms of both DsbA and DsbB are regenerated (state IV).Cys104, the disulfide partner of DsbA Cys30. Although the
side-chain information is largely lacking in the solved
structure of the DsbB-DsbA interface at this resolution, it
is likely that the intermolecular disulfide is supported by
the short antiparallel b sheet formed between the partners.
Although the Pro100–Phe106 sequence of DsbB is not
highly conserved (except for Cys104) among the DsbB or-
thologs, the binding seems to occur between small but
highly complementary surfaces.We suggest that the inter-
molecular recognition between DsbB and DsbA activates
DsbB’s ability to oxidize DsbA by the induced relocation of
cysteines.
The second periplasmic region of DsbB may have an
intrinsic tendency to be mobile, particularly when the
Cys104-Cys130 disulfide bond is broken. The freed
Cys130 is accessible to the Cys41-Cys44 region at a cer-
tain frequency, as shown by the rapid equilibration ob-
served between the Cys41-Cys44 disulfide bond and the
Cys104-Cys130 dithiol in the absence of UQ (Inaba
et al., 2005). Also, Cys130 in the CSSC variant of DsbB
can form a disulfide bond with Cys41 without involving
DsbA (Inaba et al., 2004). Our present observation indi-
cates that the DsbB-DsbA disulfide-bonded complex pre-
dominantly contains Cys130 that is relocated from the
Cys104 vicinity to that of Cys41-Cys44. This conformation
could be induced and/or stabilized by DsbA in conjunction
with the structural elements invested in the second peri-796 Cell 127, 789–801, November 17, 2006 ª2006 Elsevier Inc.plasmic loop of DsbB. The Pro100–Phe106 segment of
DsbB is pulled into the substrate-binding groove of
DsbA. More specifically, Cys104 is now fixed at a position
only 2 A˚ away from DsbA Cys30. Whereas the above
event alone may sequester Cys104 from Cys130, the
side chain of Met64 fromDsbA, which intervenes between
Cys130 (DsbB) and the Cys104 (DsbB)-Cys30 (DsbA) in-
termolecular disulfide, could assist the cysteine relocation
to a certain extent. The horizontal helix at the N-terminal
neighbor of Cys130 could also stabilize the relocated con-
formation: It contains hydrophobic residues (Leu116,
Val120, and Phe124) on the membrane side, which could
associate with the periplasmic leaflet of the lipid bilayer,
thereby bringing Cys130 to the membrane-proximal short
periplasmic loop containing Cys41 and Cys44.
The physiological significance of the disulfide rear-
rangement was proposed first by Kadokura and Beckwith
(2002), who expressed a DsbB construct split at the cen-
tral cytoplasmic loop and detected significant accumula-
tion of the DsbB-DsbA complex that was held together
by two disulfide bonds, Cys30 (DsbA)-Cys104 (DsbB)
and Cys41 (DsbB)-Cys130 (DsbB). We showed subse-
quently that the liberation of reduced Cys44 in the com-
plex leads to a transition of bound quinone to a charge-
transfer state having a characteristic absorption spectrum
with a lmax dependent on the quinone species (Inaba
et al., 2004; Takahashi et al., 2004). The formation of the
Figure 6. A UQ-Binding Site on DsbB
(A) A view parallel to the membrane, in which electron density is shown at the 1.2s contour level. The round-shaped electron density near the N ter-
minus of TM2 represents the head group of UQ8. The selenium signal from SeMet49 was used to locate the polar groups of Cys44 and Arg48 near the
UQ electron density.
(B) A top (periplasmic) view of the UQ-binding region, in which electron density is shown at the 1.5s contour level. Putative positions of the side chains
of His91 and Gln95 are also displayed.
(C) Difference Fourier map constructed from UQ8-bound and UQ-free crystals. Electron density that is ascribable to UQ8 is shown in magenta at the
4.0s contour level in the difference Fourier map. The prominent region of difference coincides with the head group of UQ8 assigned in (A).Cys44-UQ charge-transfer complex and an additional ad-
duct form is enhanced by Arg48 (Inaba et al., 2006). These
transient states of UQ play critical roles in the de novo for-
mation of a disulfide bond (Inaba et al., 2006).
Because of the strong tendency of DsbA to remain re-
duced (Wunderlich and Glockshuber 1993; Grauschopf
et al., 1995), the disulfide-linked DsbA-DsbB complex
would be subject to a backward nucleophilic attack by
Cys130 if it existed in the proximity of Cys104. Kadokura
and Beckwith (2002) argued that the backward resolution
is prevented because reduced Cys130 will immediately
engage in the rearranged disulfide bond formation with
Cys41. More precisely, we have shown here that the
DsbA(Cys33Ala)-DsbB(Cys130Ser) complex has a rear-
ranged structure with a significantly increased distance
between residue 104 and residue 130, even without in-
volving any intramolecular disulfide rearrangement. WeCbelieve that the induced separation of Cys104 and
Cys130 (Figure 4; Figure S5) is primarily responsible for
the prevention of the backward reaction, channeling the
reaction into the productive race between Cys33 (DsbA)
attacking the intermolecular disulfide (rapid pathway)
and Cys130 attacking the Cys41-Cys44 disulfide (slow
pathway) (Inaba et al., 2005). The cysteine relocation
mechanism (Figure 5) should provide an important means
for the DsbB/DsbA system to overcome the paradoxical
redox properties of the individual DsbA and DsbB compo-
nents (Inaba and Ito, 2002; Inaba et al., 2005) and to en-
able the unidirectional electron flow from DsbA to DsbB.
In other words, DsbB is transformed into a superoxidizing
enzyme only when it encounters a specific substrate, the
reduced form of DsbA. This mechanismmust be advanta-
geous for DsbB to oxidize DsbA effectively and exclu-
sively.ell 127, 789–801, November 17, 2006 ª2006 Elsevier Inc. 797
A Quinone-Containing Reaction Center for Disulfide
Bond Generation
The quinone-binding site we have proposed in this study is
consistent with the quinone-binding role of Arg48 (Kado-
kura et al., 2000) as well as the formation of the Cys44-
UQ charge-transfer complex and its enhancement by
Arg48 (Inaba et al., 2004, 2006). The position of the
SeMet49 signal indeed suggests that UQ, Cys44, and
Arg48 are all positioned at the same side of TM2, allowing
UQ to interact with both the Cys44 thiolate group and the
Arg48 guanidinium group (Figure 6A). This area, in which
UQ is lined up with Cys41, Cys44, and Arg48, can be
regarded as the reaction center for disulfide bond gener-
ation. On the other hand, Xie et al. (2002) showed that
a His91–Gln112 region was located close to an exoge-
nously added quinone analog with a photoactivatable
crosslinker moiety. In addition, mutational analysis of
DsbB by Tan et al. (2005) suggested that Glu95 is involved
in interaction with quinones. However, our structure indi-
cates that side chains of this region cannot reach the
UQ-containing reaction center of DsbB (Figure 6B). While
it is possible that some of these residues are situated
along the route of UQ entry, further studies are necessary
to reveal how the entry, docking, and exit of a ubiquinone/
ubiquinol molecule are operating during the DsbB-DsbA
reaction cycles.
Since Cys44 interacts also with MK (Takahashi et al.,
2004), we assume that MK and UQ bind to the same re-
gion of DsbB. However, our modeling indicates that a sim-
ple placement of MK at this position would cause a clash
between its naphthoquinone ring and the side chain of
Met142, suggesting that some structural modulation
might accompany the MK binding to DsbB. For this or
other reasons, we failed to crystallize a DsbB(MK8)-
DsbA preparation under the crystallization conditions we
worked out for the UQ8-bound or quinone-free form of
the complex (K. Inaba, unpublished data).
Avoidance of DsbC Oxidation
While DsbC, a disulfide isomerase, resides in the same
cellular compartment as DsbA and possesses a thiore-
doxin fold similar to that of DsbA, it is kept in the reduced
state by the action of DsbD (Kadokura et al., 2003). DsbC
must not be oxidized by DsbB to avoid futile cycles of
electron transfer from DsbD to DsbB via DsbC. Unlike
DsbA, DsbC exists as a homodimer (McCarthy et al.,
2000), and superimposition of one of its thioredoxin do-
mains on the DsbB-DsbA complex in such a way as to
minimize root-mean-square deviation (rmsd) resulted in
a clash of the other protomer with the membrane surface
(Figure 4D). Thus, DsbC would have a serious steric prob-
lem if it were to bind to the DsbA-interacting region of
DsbB. This explanation has excellent experimental sup-
port in that a monomerized mutant of DsbC can function
as a DsbB-dependent oxidase in place of DsbA (Bader
et al., 2001). Also, deletions of one or more amino acids
from an a helix that connects the dimerization and thiore-
doxin domains significantly impair the DsbB avoidance of798 Cell 127, 789–801, November 17, 2006 ª2006 Elsevier Inc.DsbC, presumably due to a rigid-body rotation of the thi-
oredoxin domain relative to the axis of symmetry of the
molecule (Segatori et al., 2006). Thus, our structure pro-
vides a basis for the selective redox reactions among
the Dsb proteins.
Evolutionarily Converged Designs for
Membrane-Associated Systems that Convert
Oxidative Equivalents of a Low-Molecular-Weight
Redox Carrier into Protein Disulfides
In the endoplasmic reticulum of eukaryotic cells, themem-
brane-associated flavoenzymes Ero1p (evolutionarily
conserved) and Erv2p (protozoan-specific) have a DsbB-
like role of generating disulfide bonds for transfer to pro-
tein disulfide isomerase, which in turn acts as an oxidase
against general substrate proteins. Sevier et al. (2005)
noted that DsbB might share key structural features with
Ero1p and Erv2p. The crystal structures of Ero1p and
Erv2p both possess a four-helix-bundle scaffold embrac-
ing an FAD molecule near the redox-active CXXC se-
quence as well as the second essential pair of cysteines
within a flexible/unstructured region (Gross et al., 2002,
2004). Now, DsbB indeed proves to have similar features
in that it contains UQ inside the four-helix bundle under-
neath the Cys41-Val42-Leu43-Cys44 active site as well
as the Cys104-Cys130 pair within the mobile periplasmic
loop. Our results suggest that the flexibility of the loop is
essential for the intramolecular cysteine relocation, which
ismodulated by proper interaction of DsbBwith DsbA. It is
intriguing to note that DsbB does not exhibit amino acid
similarity with the eukaryotic enzymes and that the low-
molecular-weight cofactors are also different in enzymes
of the different kingdoms. Nevertheless, these enzymes
are likely to work under a similar basic strategy that nature
has designed during evolution. Thus, we eagerly await in-
formation on redox potential properties of the eukaryotic
enzymes and the structures of their complexes with pro-
tein disulfide isomerase. An essential requirement for
these enzymes must be to channel the oxidizing power
of small-molecule oxidants to the specific proteinaceous
oxidant that assists oxidative folding of general client
proteins.
EXPERIMENTAL PROCEDURES
Preparation of DsbB(Cys130Ser)-DsbA(Cys33Ala) Complexes
All mutant forms of dsbA and dsbB were constructed by QuikChange
(Stratagene) mutagenesis procedures using appropriate sets of
primers (Inaba et al., 2004) and overexpressed in E. coli strain M15 (In-
aba et al., 2004). For the DsbA part of the complex, we used a variant,
DsbA(Cys33Ala), that was purified as described previously (Inaba and
Ito, 2002). For the DsbB part, we used a variant, DsbB(Cys130Ser)-
His6, which also contained the Cys8Ala and Cys49Val silent alterations
(Figure 1; Bader et al., 1999). Additional mutations were introduced for
methionine-marking experiments (Figure 1). DsbB(Cys130Ser)-His6
and its derivatives were overproduced, and membrane fractions
were prepared. They were treatedwith 2% (w/v) n-undecyl-b-D-malto-
side in 50 mM sodium phosphate (pH 8.0), 0.3 M NaCl, centrifuged to
remove insoluble materials, and loaded onto a Ni-NTA agarose column
(QIAGEN) pre-equilibrated with the same buffer, which was washed
with 50 mM sodium phosphate (pH 8.0) containing 0.3 M NaCl, 0.06%
n-undecyl-b-D-maltoside, and 20 mM imidazole and then eluted with
200 mM imidazole in the same buffer. DsbB thusly prepared had an
N-terminal sequence of Met-Leu-Arg-Phe-Leu and contained 0.5–
1 molar equivalent of endogenous UQ8. The DsbB(Cys130Ser) prepa-
ration was then passed through a PD10 column to remove imidazole
and mixed with 1.5-fold molar excess of DsbA(Cys33Ala). The mixture
was oxidized on ice for 1 hr with 5 mM K3Fe(CN)6 and loaded again
onto an Ni-NTA agarose column pre-equilibrated with 50 mM Tris-
HCl (pH 8.0) containing 0.1 M NaCl, 0.06% n-undecyl-b-D-maltoside,
and 0.25% n-nonyl-b-D-thiomaltoside. The column was washed ex-
tensively with the same buffer containing 20 mM imidazole to remove
the uncomplexed fraction of DsbA(Cys33Ala) and K3Fe(CN)6 as well as
to achieve buffer/detergent exchange and was eluted with 200mM im-
idazole in the same buffer. The disulfide-linked DsbB(Cys130Ser)-
DsbA(Cys33Ala) complex was then dialyzed at 4C for 3 hr against
50 mM Tris-HCl (pH 8.0) containing 0.1 M NaCl, 5 mM CaCl2, 0.06%
n-undecyl-b-D-maltoside, and 0.25% n-nonyl-b-D-thiomaltoside.
The sample was treated further with Factor Xa to remove the C-termi-
nally attached His6 tag and with Xarrest agarose (Novagen) to remove
the protease (Takahashi et al., 2006). Finally, the DsbB(Cys130Ser)-
DsbA(Cys33Ala) complex was purified by size-exclusion chromatog-
raphy using Superdex 200 pre-equilibrated with 10 mM HEPES (pH
7.0), 0.06% n-undecyl-b-D-maltoside, and 0.25% n-nonyl-b-D-
thiomaltoside and concentrated to 15 mg/ml by ultrafiltration using
Amicon Ultra (MWCO, 50,000; Millipore). The quinone-free form of
DsbB(Cys130Ser) was purified from the ubiA menA mutant (Inaba
et al., 2004).
For preparation of proteins labeled with SeMet, the transformed
M15 cells were grown in amino acid-supplemented minimal medium
in which L-methionine was replaced with seleno-L-methionine. Com-
plex of SeMet-labeled DsbA and native DsbB (DsbB-DsbA(SeMet))
and complex of native DsbA and SeMet-labeled DsbB (DsbB(Se-
Met)-DsbA) were prepared essentially as described above.
Crystallization
For crystallization, sitting drops made of 2 ml of the DsbB(Cys130Ser)-
DsbA(Cys33Ala) preparation mixed with 2 ml of reservoir solution con-
sisting of 23% Jeffamine ED2001, 80 mM HEPES (pH 7.0) or MES (pH
6.5), 14.4% glycerol, and 2 mM ZnSO4 were subjected to vapor diffu-
sion at 20C. Crystals appeared in a few days and grew to a maximum
dimension of 0.1 3 0.1 3 0.7 mm3 within 10 days. The crystals were
first transferred directly into 30% Jeffamine ED2001, 100 mM HEPES
(pH 7.0) or 100 mM MES (pH6.5), 15% glycerol, 2 mM ZnSO4, 0.06%
n-undecyl-b-D-maltoside, and 0.25% n-nonyl-b-D-thiomaltoside for
cryoprotection and then flash frozenwith cold nitrogengas fromacryo-
stat (Rigaku, Japan). SeMet derivatives (DsbB(SeMet)-DsbA and
DsbB-DsbA(SeMet)) were crystallized under the same conditions.
Crystallographic Analysis
All diffraction data sets except for the complexes with the DsbB
(Met36Ala) or DsbB(Met93Ala) variant were collected on beamline
BL44XU at SPring-8 (Hyogo, Japan) with an image plate/CCD hybrid
detector DIP6040 (MAC Science/Bruker AXS) at cryogenic tempera-
ture (100 K). The data collections of the above two variants were car-
ried out on beamline NW12 at Photon Factory, KEK (Tsukuba, Japan)
with a Quantum 210 CCD detector (Area Detector Systems Corpora-
tion) at cryogenic temperature (100 K). All the data used for the methi-
onine marking were processed with HKL2000 (Otwinowski and Minor,
1997). The other data were integrated with Mosflm (Leslie, 1992). Scal-
ing and processing were performed using the CCP4 suite of programs
(CCP4, 1994). The crystal contained one DsbB-DsbA complex in an
asymmetric unit. Crystallographic data are summarized in Table 1.
The SeMet-labeled crystals, DsbB(SeMet)-DsbA and DsbB-DsbA(Se-
Met), were found to keep isomorphismwith the native crystal, and their
data were used as two independent derivatives for multiple isomor-
phous replacement with anomalous scattering (MIRAS) phasing. TheCeinitial molecular replacement solution was obtained by MolRep (Vagin
and Teplyakov, 1997) using the native DsbA structure (Guddat et al.,
1998) as a searchmodel. Themolecular-replacement solutionwas ver-
ified by the agreement between the positive peaks in the Bijvoet anom-
alous difference Fourier map of the DsbB-DsbA(SeMet) complex crys-
tal and the positions of Sd atoms of methionine residues in DsbA. The
positions of peaks in the Bijvoet anomalous difference Fourier maps of
DsbB-DsbA(SeMet) and DsbB(SeMet)-DsbA were used as initial coor-
dinates of selenium sites for phase calculation by SHARP (de la Fortelle
and Bricogne, 1997). Minor sites were subsequently found in the resid-
ual maps. During the refinement of heavy-atom parameters and phas-
ing, one significant peak was found in the anomalous residual maps of
DsbB-DsbA(SeMet) and DsbB(SeMet)-DsbA. This site was assigned
as that of a zinc ion, which should have originated from the crystalliza-
tion buffer. Finally, all of the selenium sites in DsbB-DsbA(SeMet), all of
the selenium sites except amino-terminal methionine in DsbB(SeMet)-
DsbA, and one zinc ion in each crystal were used for phase calculation.
Density modification by Solomon (Abrahams and Leslie, 1996) and DM
(Cowtan, 1994) as implemented in SHARP was applied at the final
stage of phasing.
Model building was carried out using the programs O (Jones et al.,
1991) and Coot (Emsley and Cowtan, 2004). The electron density
map agreed well with that of the DsbA molecule. In addition, the elec-
tron density map clearly showed a four-helix bundle with one addi-
tional helix at the region corresponding to the DsbB molecule.
Although it was difficult to trace the regions connecting these helices
because of either insufficient quality of the electron density or intrinsic
mobilities of these regions, the methionine-marking approach suc-
cessfully revealed the overall topology of the DsbB molecule. The
structure of the DsbB(UQ8)-DsbA complex was refined against the
20–3.7 A˚ intensity data using Refmac5.
The quinone-binding site on DsbB was investigated by difference
Fourier map, in which the coefficient of jF(with endogenous UQ8)j 
jF(without UQ)j showed the highest value (contour level of 5.8s), form-
ing a peak at the position that substantiated our assignment of the
quinone ring (Figure 6C).
Supplemental Data
Supplemental Data include five figures, Supplemental References,
and one table and can be found with this article online at http://
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